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© Method and apparatus for writing a serial data pattern on a magnetic medium. 



© The invention provides a method and apparatus for writing a serial data pattern in the form of flux transitions 
on a magnetic medium. Data supply means (16) provide a serial data pattern, and delay circuitry (12) applies a 
pre-determined write delay value to the data pattern. The compensated data pattern is output to recording 
means (22) for writing the same on the magnetic medium. According to the invention, the delay circuitry is 
arranged to vary the pre-determined write delay value according to the particular data pattern, the writing head 
and the writing location whereby, when the data pattern is read back, the flux transitions are perceived to be at 
the same interval as were corresponding elements of the data pattern when they were introduced from the data 
supply means. 
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METHOD AND APPARATUS FOR WRITING A SERIAL DATA PATTERN ON A MAGNETIC MEDIUM 



The present invention relates generally to a method and apparatus for writing a serial data pattern on a 
magnetic medium. 

Digital data is conventionally written on a magnetic medium by the use of flux transitions. A flux 
transition occurs at a site where there is a change in the physical orientation of the medium, and hence a 

5 change in the magnetic flux generated by the medium at that site. When a flux transition is written by a 
transducing head on the medium in a disk drive assembly, it is written in the context of the previous flux 
transition and the subsequent flux transition. When the flux transition is read back by the head, it will 
typically be perceived to be at a different time interval in relation to each of the previous and the 
subsequent flux transitions. This phenomenon is known as peak shift, a generic term for the problem 

w addressed by the present invention. Peak shift is a problem because if the change in time interval between 
flux transitions becomes great enough, the data pattern read back from magnetic medium may be incorrect, 
i.e. the flux transition may fall outside its detection "window". 

One conventional method of dealing with peak shift is to administer p re-write compensation when 
writing a data pattern. This means that each flux transition to be written is moved by a short interval of time 

75 (early or late) on writing so that the peak shift is minimised or at least reduced in most cases. However, this 
approach does not overcome the problem in that only one pre-write compensation value or timing change is 
used even though a significant range of peak shift values is generally observed. 

The present invention addresses this unresolved problem. In the present invention, the actual peak 
shifts promulgated by a given disk drive assembly under certain parameters are determined. The 

20 parameters covered are: 

1. the head/media pair to be used for writing; 

2. the writing site on the magnetic medium; and 

3. the data pattern to be written. 

U.S. Patent No. 4,633.336 describes the use of pre-write compensation based on these parameters but 
25 only in a limited sense. The system disclosed in this patent determines whether pre-write compensation is 
appropriate based on the parameters and then simply generates a set value of compensation for each 
parameter, if appropriate. 

In contrast, the present invention does not employ a set value for each parameter but rather a value 
based on the specific parameter or combination of parameters used. Consequently, the present invention 

30 offers much more flexibility than the prior art and it is possible by means of the invention to achieve an 
improved error rate in the read back of written data. 

According to one aspect of the present invention, there is provided a method for writing a serial data 
pattern in the form of flux transitions on a magnetic medium, the method being characterised by introducing 
the data pattern from a data supply means, determining a combination of a head and a writing location, the 

35 combination being used for writing the data pattern on the magnetic medium, acquiring a pre-determined 
write delay value based on the combination and the data pattern, and writing the data pattern on the 
magnetic medium with reference to the delay vaJue so that when the data pattern is read back by the head, 
the flux transitions are perceived to be at the same distance as they were when they were acquired from 
the data supply means. 

40 According to another aspect of the present invention, there is provided apparatus for writing a serial 
data pattern in the form of flux transitions on a magnetic medium, the apparatus comprising data supply 
means for providing a serial data pattern, delay circuitry for applying a pre-determined write delay value to 
the data pattern, and recording means including a writing head for writing the data pattern on the magnetic 
medium according to the delay value, characterised in that the delay circuitry comprises a variable delay 

45 arranged to vary the pre-determined write delay value according to the particular data pattern introduced, 
the writing head that writes the flux transitions and the writing location for the data pattern on the medium 
whereby, when the data pattern is read back, the flux transitions are perceived to be at the same interval as 
were corresponding elements of the data pattern when they were introduced from the data supply means. 
A preferred embodiment of the invention described below features a disk drive assembly and delay 

so circuitry, which determines a time delay value appropriate for writing flux transitions on a magnetic medium 
under a given set of conditions so that the read back signal is received at the desired time. This is 
accomplished by introducing a serial data pattern into the delay circuitry at a shift register from a drive 
interface in digital form. The serial data pattern is then encoded by circuitry connected to the shift register. 
A combination of a transducing head and a writing location used for writing the data pattern on the magnetic 
medium is determined by the disk drive assembly. A variable delay value based on the combination and 
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the data pattern is then computed by the disk drive assembly, which writes the data pattern on the 
magnetic medium in accordance with the delay value so that when the data pattern is read back by the 
head, the flux transitions are perceived to be separated by the same interval as the corresponding elements 
of the data pattern when introduced into the shift register, 
s As a result, it is possible to increase the performance tolerances for the disk drive assembly 
components such as transducing heads, disks, magnetic media and circuit elements. 

The invention will be described further, by way of example, with reference to the accompanying 
drawings, in which: 

Figure 1 is a schematic block diagram showing pre-write compensation apparatus in accordance with 
w the present invention; 

Figure 2 is a schematic diagram of delay circuitry of the pre-write compensation apparatus of Figure 

1; 

Figure 3 is a block diagram of one version of the delay circuitry of Figure 2 in more detail; and 
Figure 4 is a block diagram of another version of the delay circuitry of Figure 2. 

/5 One of the most useful aspects of a computer is its ability to record and re-call data. Recording data is 
commonly referred to as "writing", while re-calling data is commonly referred to as "reading". 

Physically speaking, writing is the process of changing a magnetic medium which is located on a disk 
or plastics tape. The present invention may be employed with either type of material but the following 
description will deal primarily with a hard disk drive assembly. The magnetic medium is typically composed 

20 of a material such as ferrous oxide. Each particle in the medium has an electro-magnetic orientation which 
has associated with it a property known as magnetic flux. When the magnetic flux of each particle is in the 
same direction, the medium is said to be magnetised. In materials suitably magnetisable. the particles tend 
to be grouped in magnetisation clusters called domains. When the electro-magnetic orientation of one 
domain is reversed in a magnetised magnetic medium, the magnetic flux of the domain is also reversed. 

25 Therefore, the magnetic flux of the subject domain is opposite in direction to the magnetic fluxes associated 
with other domains in the magnetised magnetic medium. A flux transition is said to exist at the boundary of 
such a domain. More specifically, a flux transition occurs at any location where adjacent domains have 
oppositely directed magnetic fluxes. 

The smallest unit of information on a magnetic medium is a bit, or binary digit. A bit is simply a flux 

30 transition or a lack thereof. A bit corresponding to a flux transition at a given site is said to be a logical ONE 
bit. A bit corresponding to the absence of a flux transition at a given site is said to be a logical ZERO bit. A 
sequence of bits is called a data pattern. The number of bits necessary to make a data pattern will be 
discussed below. A data code is a system used for configuring a data pattern according to rules associated 
with the system. 

as Writing data is essentially the act of creating a series of flux transitions on a magnetic medium. Reading 
data is essentially the act of detecting or perceiving flux transitions which have been written. The act of 
reading or writing data on a magnetic medium is performed by a transducing head. The head electro- 
magnetically reads and writes flux transitions on the medium. A data pattern is indicated on the medium by 
means of ONES and ZEROS. 

40 During reading, a phase locked oscillator is locked to the recovered series of flux transitions, and 
develops a timing window which is centered around each possible flux transition site. Flux transitions or the 
absence of the same in each window are converted to digital ONES and ZEROS. This digital data stream is 
then typically decoded into NRZ code and presented at a disk drive interface. The basic purpose of a disk 
drive write channel is to cause a flux transition to be written in its correct location on the disk surface. The 

45 function of the read channel is to detect the flux transitions within the desired timing windows. Any time the 
flux transition falls outside of the expected timing window, an error occurs. 

There are many factors that can cause a flux transition to be shifted from the centre of the timing 
window. Defects in the medium can cause the flux transition to be moved or completely missing. 
Fortunately, these defects are usually stationary and can be detected and mapped around so that data is 

so not written in that region. Noise, whether fundamental noise from the recording process, noise in the read 
back circuits or environmental noise, can cause a flux transition to be shifted from its normal position. While 
the effect of noise on an individual flux transition cannot be predicted, the average effect of noise can be 
measured. Noise can be assumed to cause flux transitions to be located in a Gaussian distribution around 
the centre of the detection window. 

55 The fundamental limitation as to how such data can be written within a given area is controlled by how 
closely the flux transitions can be packed together. As flux transitions are moved closer together, the flux 
transitions begin to inter-act with each other due to the fundamental magnetic properties of the recording 
system. This effect is known as peak shift. The interaction of the flux transitions causes a shift in the 
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location of the transitions in the timing window. Data recovery is usually achieved by differentiation to locate 
the peak of the flux transition, and the peak may be shifted in time as a result of bit crowding. Excessive 
peak shift can cause the flux transition to move outside the timing window, resulting in an error. Even peak 
shift which does not cause a flux transition to move all the way out of the window reduces the allowable 

5 margin for other effects such as noise. 

The first two factors mentioned as causes of reading errors (media defects and noise) are addressed by 
control of the media manufacturing process and by careful circuit design to minimise sources of, and 
susceptibility to. noise. Peak shift effects are treated differently. The effects of peak shift are predictable 
and repeatable (at least statistically) based upon the actual fiux transition spacing, and can be compensated 

io to some extent by means of pre-write compensation techniques. 

The traditional method of dealing with peak shift has been to administer pre-write compensation when 
writing a data pattern. That is, each flux transition written has been shifted in time by a small amount (in the 
order of nanoseconds) so that the peak shift is minimised or at least lessened in most cases. The problem 
with this approach is that only one value has been used for the pre-write compensation even though a 

is significant range of peak shift values is generally present with respect to this one compensation value. 

The pre-write compensation apparatus according to the present invention is designed to deal with the 
problem of peak shift in a more flexible way by pre-determining (on the basis of measurement and/or 
interpolation) a respective write delay value for each permutation of head, writing location, and data pattern. 
The writing location includes both the particular disk to be written on and the particular site for writing on 

20 that disk. The write delay value can be pre-determined without accounting for the head or can even be pre- 
determined taking into account any combination of the parameters of head and writing location. Instead of 
determining a write delay value based on an average peak shift value for the disk drive assembly, adapted 
write delay values are determined experimentally for each head, writing location, and data pattern (or some 
combination thereof). The adapted write delay values can then be recorded on a disk of the disk drive 

25 assembly for retrieval at each power-up sequence. 

Referring now to the drawings in general and to Figure 1 in particular, pre-write compensation apparatus 
10 comprises delay circuitry 12 and a disk drive assembly 14 (the disk drive assembly 14 is everything in 
Figure 1 other than the delay circuitry 12). The pre-write compensation apparatus 10 has a writing channel 
and reading channel, the writing channel beginning at a drive interface 16 and leading by way of a signal 

30 encoding block 18 to the delay circuitry 12. and thence through a write amplifier 20 to a recording head 22 
which addresses a disk 24. Generally, a plurality of disks are provided but only two are shown in Figure 1 
for expediency, a disk 26 being included therein for discussion of the operation of the present invention. 
The read channel includes the disk 24, the head 22. a read amplifier 28, a signal processing block 30, and 
a signal decoding block 32. A control micro-processor 34 participates in, and controls, both channels. 

35 Figure 1 depicts schematically the pre-write compensation apparatus 10 as used to read and write. 
Most of the main features of the present invention are located in the delay circuitry 12. Once the write 
signal has been encoded, it is then variably delayed before being sent to the write amplifier 20. To illustrate 
the phenomenon of peak shift, an example will be provided herein as to how pre-write compensation without 
delay variation is utilised. This means that an arbitrary amount of pre-write compensation is to be imparted 

40 to any data pattern. 

For this example, it will be assumed that the arbitrary amount of pre-write compensation to be imparted 
to any data pattern in the delay circuitry 12 is a negative delay of 2 nanoseconds. It will be understood that 
such delay can be either positive or negative. "Negative delay" means that the time interval for writing a 
given pair of ONES is decreased. "Positive delay" means that the time interval for writing is increased. A 

45 further assumption will be that a data pattern is to be sent from the drive interface 16 to the delay circuitry 
12 (the delay circuitry 12 is assumed to be non-adaptable for purposes of this example only). The data 
pattern includes two logical ZEROS located between two logical ONES (1001). The time interval of each bit 
in 50 nanoseconds. Therefore, the logical ONE signals A and B are spaced 150 nanoseconds apart in time 
so that the delay circuitry 12 will receive the two signals A and B 150 nanoseconds apart. If no 

so compensation is imparted to the signals A and B, these two signals will be written 150 nanoseconds apart in 
time on the disk 24. But since the delay circuitry 12 being non-adaptable automatically imparts 2 
nanoseconds of negative delay, the logical ONE signals A and B will be written 148 nanoseconds apart. For 
illustrative purposes, it is further assumed that the peak shift between the logical ONE signals A and B 
would cause a positive delay of 6 nanoseconds whether no pre-write compensation whatsoever. This means 

5$ that when the read channel is activated, the disk drive assembly 14 will detect the two flux transitions at a 
time interval of 154 nanoseconds, derived from the logical ONE signals A and B being written 148 
nanoseconds apart (150 nanoseconds minus 2 nanoseconds imparted by the circuitry 12) plus the 6 
nanoseconds delay due to peak shift. The signals generated in response to the logical ONE signals A and B 
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will therefore be processed 154 nanoseconds apart, and will proceed along the read channel to the drive 
interface 16 appearing to have been written 154 nanoseconds apart, rather than the desired 150 
nanoseconds, even though they were actually written 1 48 nanoseconds apart. 

Such a writing and reading process will now be discussed in relation to the present invention wherein a 

5 variable pre-write delay value is imparted to the writing signal. Again, a data pattern is written into the 
system at the drive interface 16 and is sent to the delay circuitry 12 (once again, and from now on the 
delay circuitry 12 will considered to be adaptable to provide a variable delay). The signal is processed in 
the delay circuitry 12 and a selected pre-write delay value is determined based on the recording head 22, 
which will be used for writing the data, the writing location and the data pattern. That selected pre-write 

w delay value is then applied to the data pattern. In this example, since the peak shift is 6 nanoseconds and 
the desired reading time interval is 150 nanoseconds, a 6 nanosecond negative delay value is applied, 
meaning that the logical ONE signals A and 8 are written 6 nanoseconds closer in time than if there were 
no peak shifts. Therefore, in the compensated data pattern produced by the delay circuitry 12, the logical 
ONE signals A and B are sent out at a time interval of 144 nanoseconds. The recording head 22 then 

is receives the two signals 144 nanoseconds apart and writes them accordingly. During reading, the disk drive 
assembly 14 perceives the two logical ONE signals A and 8 to be 150 nanoseconds apart. They are 
processed in the signal processing circuitry 30 accordingly. When the data pattern is received back at the 
drive interface 16, the data pattern is read such that the logical ONE signals A and B are 150 nanoseconds 
apart, thus achieving the desired object of having the same time interval in the reading channel as in the 

20 writing channel prior to the signals entering the delay circuitry 12 of the present invention. 

Referring to Figure 2, the delay circuitry 12 of the present invention is shown schematically in a block 
diagram. The data pattern is supplied to the disk drive interface 16 by supply means (not shown), which 
employ an encoder and a timing clock and into which the data may have been manually entered. The data 
pattern is encoded at the signal encoding block 18 and is transmitted in the form of pulse signals to the 

25 delay circuitry 12. The data pattern is received at a shift register 36 and is processed. The data pattern is 
sent from the shift register 36 to a variable delay 38. Simultaneously, the information concerning the data 
pattern is sent to a data storage element 40 where it is processed and a suitable pre-write delay value is 
determined. This information is sent to the variable delay 38 where the selected pre-write delay value is 
applied to the data pattern as it is received from the shift register 36 by controlling the circuit within the 

so variable delay 38 so that the appropriate number of delay elements or taps act upon each pulse signal. The 
compensated data is then output by the variable delay 38 and proceeds along the write channel. 

Referring to Figure 3, one embodiment of the delay circuitry 12 of the present invention is depicted, by 
the general reference numeral 44. The circuitry 44 is again shown in block diagram form, and can be 
incorporated into a circuit board. However, for practical manufacturing purposes, the circuitry depicted 

35 would probably be incorporated into LSI circuitry. 

All of the block components shown in Rgure 3 are connected electronically wherever indicated by 
connecting lines, as is conventional in circuit diagrams. The delay circuitry 44 shown in Rgure 3 comprises 
a first data bus 46 electronically connecting certain components of the circuitry, and a second data bus 48 
electronically connecting other components of the circuitry. A data bus 50 from a control micro-processor 

40 34 is provided for a startup mode and is referred to hereinbelow as the start up data bus. The circuitry 44 
further comprises data latches 52, 54 and 56, a data latch 58, a static RAM 60, and a write clock 62. The 
control micro-processor 34 is connected to the data latches 52 and 54 and the control data latch 58. The 
control data latch 58 is connected to the static RAM 60, and to the data latches 52. 54 and 56. 

An electronic input line 64 supplies the pulse signals representing the serial data pattern to the shift 

45 register 36, which has a number of flip-flops designated 70 to 98 (in even numbers). The shift register 36 is 
connected to a last priority encoder 102, and a first priority encoder 104. whose outputs are connected to 
the data latch 56. The data latch 56 is further connected to an output of an AND gate 106 and the data bus 
46. The data bus 46 is, in turn, connected to the static RAM 60, the data latch 52 and the control micro- 
processor 34. 

so An AND gate 107, which is connected to an output of the shift register 36, is connected to another data 
latch 108. The variable delay 38 receives inputs from both the shift register 36 and the data latch 108 and 
has an output line 110 for sending compensated pulse signals to the write amplifier 20 (Rgure 2). 

As indicated above, the data pattern, in the context of this invention, is a sequence of bits and there is a 
one-to-one correspondence between the total number of bits in the sequence and the total number of flip- 

55 flops in the shift register 36. For example, in the circuit depicted in Figure 3, the data pattern has 15 bits 
because the shift register 36 has 15 flip-flops designated by the numbers 70 to 98. A sub-pattern, to be 
mentioned below, is a sub-set of the data pattern. In the circuit of Rgure 3. each data pattern effectively has 
two sub-patterns; (1) a last sub-pattern; and (2) a first sub-pattern. The last sub-pattern constitutes the bits 
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located at the flip-flops 70 to 84, and the first sub-pattern constitutes the bits located at the flip-flops 84 to 
98. 

Once the delay circuitry 44 has been constructed, the respective pre-write delay values are determined 
experimentally. The first thing that is determined is what code will be used for the circuitry, e.g. 2. 7 code in 

s the present instance. Once that has been established, the number of code permutations that can appear in 
the shift register 36 can be computed. If practicable, testing for each data pattern or data sub-pattern 
permutation is then undertaken individually. If such testing is not practicable, another technique described 
below is used to determine stereo-typical data patterns. 

This technique is employed in the circuitry of Figure 3, this being the function of the priority encoding 

io system. Only the closest logical ONE to a central logical ONE is considered by each encoder. Hence, if a 
sub-pattern exists where a first logical ONE occurs 3 bits away from the centre and another logical ONE 
occurs 6 bits away so that the sequence would be 01001001 this will be considered to be the same as the 
sequence 00001001 (the last ONE being the central logical ONE in each case). Using the stereo-typical 
data pattern method, the two data sub-patterns would be treated identically in terms of the compensating 

;s delay value. The delay value for the pattern 00001001 would be determined experimentally and any other 
pattern falling within that mode would be assumed to require the same amount of compensation. Once the 
stereo-typical data patterns are determined, then testing is done for each stereo-typical data pattern with 
each head and each writing zone. The amount of peak shift for each permutation is determined by reading 
and writing. Each disk is divided up into writing zones by marking writing zone boundaries. For tracks falling 

20 within a given writing zone, the value of the compensation to be used may be interpolated in a linear 
fashion. 

Thus, write delay values based on head, writing location and data pattern are pre-determined by writing 
a data pattern or sub-pattern, or corresponding stereo-typical pattern or sub-pattern, at a given head and 
writing location, reading back the pattern or sub-pattern, and noting a time shift occurring between the 

25 logical ONES in the pattern or sub-pattern. The time shift is recorded and serves to provide a correspond- 
ing write delay value. The process is repeated for each possible pattern or sub-pattern. 

Once all of the delay values have been experimentally measured, the values are recorded on a disk of 
the disk drive assembly so that each permutation of stereo-typical data pattern, head, and writing zone 
boundary has a particular delay value associated with it. Each one of these delay values is given an 

30 address and written on the disk for down loading use at each power-up sequence. 

In operation, the delay circuitry 44 depicted in Figure 3 has two modes; a start-up mode and a 
functional mode. The start-up mode is utilised when the pre-write compensation apparatus 10 is experienc- 
ing a power-up. At that time, the control micro-processor 34 will send a signal to begin the start-up mode. 
The control micro-processor 34 sends an address signal to the first data latch 52, data to the second data 

35 latch 54, and a control signal to the control data latch 58. The control data latch 58 then sends an enabling 
signal to the first data latch 52 and a disabling signal to the third data latch 56 and the fourth data latch 108. 
The enabling signal allows the first data latch 52 to access the data bus 46 while the disabling signal 
prevents access to the data bus 46 by the third data latch 56. These signals are maintained as long as the 
circuitry is in the start-up mode, so that the second data latch 54 can input data into the static RAM 60. 

40 The control micro-processor 34 then sends an address through the first data latch 52 to the static RAM 
60. All of the delay values and corresponding addresses are retrieved from the disk 24 (Figure 1), loaded 
into the control micro-processor 34 and then loaded into the static RAM 60. The delay values for all 
permutations are down loaded from the disk 24 through the micro-processor 34 into the static RAM 60 via 
the data latch 54 and the second data bus 48. The address for a given delay value is input through the first 

45 data latch 52 into the RAM 60 via the data bus 46. Once all of these pre-determined data and addresses 
have been down loaded, the start-up sequence is complete. The delay values are down loaded into flip- 
flops in the memory matrix of the static RAM 60. 

Once the start-up sequence has been completed, a disabling signal is sent to the first data latch 52, 
and an enabling signal is simultaneously sent to the data latch 56 and the data latch 108. The functional 

so mode then becomes operative. 

In the functional mode, the serial data pattern is input into the shift register 36 through the line 64. The 
write clock 62 controls the period of the delay circuitry 44. The write clock pulse is transmitted to the shift 
register 36. Once a given bit is input into the shift register 36, it is sent to the first flip-flop 70. 
Simultaneously, the bit which was stored at the flip-flop 70 goes to the flip-flop 72, the bit which was at the 

55 flip-flop 72 goes to the flip-flop 74, and so forth. The final bit located at the flip-flop 100 of the shift register 
36 is lost. The central bit is located at the flip-flop 84 of the shift register 36. If there is a logical ONE at the 
flip-flop 84 of the shift register 36, at a given time, the delay circuitry 44 computes a delay value. If there is 
a logical ZERO at the flip-flop 84, the delay circuitry 44 performs no computation for that data pattern. 

6 
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When a logical ONE is input into the flip-flop 84 of the shift register 36. the flip-flop 84 sends a logical ONE 
signal to activate the data latch 56 to perform the operation for which the present invention is designed. 

Simultaneously with the arrival of a logical ONE at the flip-flop 84, any logical ONES located at the flip- 
flops 70 to 78 go to the last priority encoder 102. There can be no logical ONES at the flip-flops 80 or 82 

5 because of the rules for the 2, 7 encode. Also, signals are simultaneously sent from the flip-flops 90 to 98 to 
the first priority encoder 104. Likewise, the flip-flops 86 and 88 can have no logical ONES located there 
when a logical ONE is located at the flip-flop 84 because of the 2, 7 code rules. The last priority encoder 
102 determines the closest logical ONE to the central logical ONE, and generates a corresponding 3 bit 
output. In other words, if there is a logical ONE at the flip-flop 78, the last priority encoder 102 quits it 

10 search and employs a stereo-typical data pattern for 00001001. If it does not find a logical one at the flip- 
flop 78. it looks for one at flip-flop 76, and so forth through to the flip-flop 70. If there is no logical ONE 
located at any of these flip-flops, it is assumed that this is a maximum spacing for the 2.7 code i.e. 
10000001. Likewise the first priority encoder 104 generates a 3 bit output indicating the closest logical ONE 
to the central logical ONE, looking first at the flip-flop 90 for a logical ONE closest to the central logical 

is ONE. If it finds one there, it employs the stereo-typical data sub-pattern 10010000. If a logical ONE is not 
found at the flip-flop 92, sequentially the first priority encoder 104 looks at the flip-flops 92 to 98. 

As that particular data sub-pattern moves down the series of flip-flops, two things happen. First when 
the central logical ONE for the data pattern in question moves three flip-flops, i.e. three periods later, that 
signal is not only passed from the flip-flop 88 to the flip-flop 90 but also from the flip-flop 90 to the data 

20 latch 108 through the gate 107 as a timing signal so that a write delay value is received from the RAM 60 
and latched into the data latch 108. 

When the same signal arrives at the flip-flop 94, i.e. when another two periods have transpired, that 
signal is not only passed onto the flip-flop 96 but also to the variable delay 38 where that signal is operated 
on such that it is compensated according to the appropriate delay value which has been latched into the 

25 data latch 108. 

The delay value is selected as follows: the particular stereo-typical data sub-patterns above of the last 
priority encoder 102 and the first priority encoder 104 are sent to the data latch 56. where the last stereo- 
typical data sub-pattern is combined with the first stereo-typical data sub-pattern to give a complete stereo- 
typical data pattern. This complete data pattern is sent to the static RAM 60 where the address of this 

30 complete pattern is accessed in combination with the head and writing zones sent from the control micro- 
processor 34. When the complete address is determined, the delay value for that unique permutation is 
accessed and that delay value is sent to the delay latch 108, as mentioned above, where it controls the 
amount of delay required for the adjustment so that an appropriate number of delay elements or steps are 
activated in the delay 38 for delaying the signals supplied from the flip-flop 94 to the line 110 for 

35 compensated data. 

The delay circuitry 44 continues to process logical ONES in the same fashion, each logical ONE 
arriving at the shift register 36 and becoming the central logical ONE for a given pattern, in turn, and then 
eventually arriving at the flip-flop 94 where the signal for the logical ONE is sent to the variable delay where 
it is operated on with the appropriate delay value. 

40 The connections between the shift register 36, the variable delay 38 and the data latch 108 are chosen 
so that the circuit timing requirements of the RAM 60 and the data latches are satisfied. The actual 
connections may change if faster or slower circuitry is used. 

Referring now to Figure 4, another embodiment of the circuitry 12 of the present invention is depicted 
by the general reference numeral 116. It will be understood that the delay circuitry 116 is an alternative to 

45 the delay circuitry 44 for use as the delay circuitry 12 in Figure 2. 

The delay circuitry 116 comprises a shift register 118, a timing clock 120, an AND gate 122, and an 
input line 124. The timing clock 120 is connected to the ANO gate 122 and the shift register 118. The line 
124 supplies a serial data pattern to the shift register 118, which incorporates flip-flops 126 to 158. The shift 
register 118 is connected to a last sub-pattern recogniser 160, a middle sub-pattern recogniser 162. and a 

so first sub-pattern recogniser 164. 

Again, the data pattern is a sequence of bits such that there is a one to one correspondence between 
the total number of bits in the sequence and the total number of flip-flops in the shift register 118. In the 
circuit depicted in Figure 4, that data pattern has 17 bits because the shift register 118 has 17 flip-flops 
designated by the numbers 126 to 158. 

55 The data pattern associated with the shift register 118 is changed with every pulse of the timing clock 
120. This is illustrated in Table 1 below where four different data patterns are shown corresponding to four 
times t = 1, t=2, t-3, t = 4, where the unit of time is the pulse period of the shift register (t = 4A corresponds 
to the same data pattern as t = 4, as will be discussed below). The flip-flops of the shift register 118 are 
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denominated by the letters A to Q in Table 1 corresponding to the numbers 126 to 158. For example, A 
represents the flip-flop 126, B represents the flip-flop 128, C represents the flip-flop 130 and so forth. The 
letters are used in place of the appropriate numbers merely for ease of display in Table 1 , and the four data 
patterns shown are exemplary in nature and have no special significance. 

5 



TABLE 1 

Data Pattern Shift Register 118 





A 


B 


c 


D 


E 


F 


G 


H 


_I 


J 


K 


L 


M 


N 


0 


p 


0 




0 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


0 


1 


0 


0 


0 


1 


t=2 


X 


0 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


0 


1 


0 


0 


0 


t=3 


X 


X 


0 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


0 


1 


0 


0 


t=4 


X 


X 


X 


0 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


0 


1 


0 


t=4A 


0 


0 


0 


0 


0 


1 


0 


0 


1 


0 


0 


1 


0 


0 


0 


1 


0 



20 The first data pattern listed on Table 1 is 00100100100010001, residing in the shift register 118 at at 
arbitrary time, t - 1 . After the pulse period has elapsed (a typical frequency for such a circuit would be 50 
MHZ, hence a period of 20 nanoseconds), the shift register 118 receives a pulse signal via the timing clock 
120. At that time, each bit shifts one flip-flop to the right to yield a second data pattern X00 1001 00 1000 1000 
at the time t = 2. The bit associated with the flip-flop A is denominated "X" to remind the reader that this is 

25 a new bit, not present in the data pattern at the time t= 1. The same process occurs at the times t = 3 and 
t=4. The data pattern shown on the line for the time t = 4A is the same data pattern shown on the line for 
the time t = 4. but shows explicitly the value of the three latest bits. The value of ail three bits in this case 
happens to be ZERO. 

30 

TABLE 2 

Data Pattern Shift Register 118 

LAST Middle First 

35 ABCDEFGHI.JKLMNOPQ 
t = l 00100100100010001 

40 As stated a sub-pattern, is a sub-set of the data pattern. In the circuit of Figure 4 and shown in Table 2 
above, each data pattern has three sub-patterns: (1) a last sub-pattern; (2) a middle sub-pattern; (3) a first 
subpatttern. The last sub-pattern is made sequentially of the four bits located at the flip-flops A to D in 
Table 2: the middle sub-pattern is made sequentially of the nine bits located at the flip-flops E to M; and the 
first sub-pattern is made sequentially of the bits located at the flip-flops M to Q. 

45 Referring again to Table 1 , the central bit in each data pattern is the one at the flip-flop I. The purpose 
of the delay circuitry 116 in Rgure 4 is to provide a variable delay for (compensate) the bit at the flip-flop I 
(the flip-flop 142) if it is a logical ONE. If the bit at the flip-flop I (142) is a logical ZERO, no compensation is 
performed. In the example of Table 1, the delay circuitry 116 will delay the bit at the flip-flop I when the 
time t = 1. and the time t=4, and will perform no delay when the time t = 2 and the time t = 3. 

so In Table 2. the three sub-patterns are delineated for the data pattern 00100100100010001 at the time 
t = 1. The last sub-pattern is 0010; the middle sub-pattern is 010010001; and the first sub-pattern is 0001. 
Since, by definition in the present instance the data pattern is of interest only if there is a logical ONE at the 
flip-flop I, and the circuit of Figure 4 is also designed to use the 2,7 code, data patterns of interest will have 
middle sub-patterns with a XX00100XX configuration (i.e. logical ZEROS at the flip-flops Q, H. J, and K and 

55 a logical ONE at the flip-flop I). Hence, the flip-flops E. F, L, and M in a given middle sub-pattern may have 
either a logical ONE or a logical ZERO. 
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TABLE 3 



5 



w 





Last 




A 


B 


c 


0 


NEXT 8T 


1 


0 


0 


0 


NEXT 7T 


0 


1 


0 


0 


NEXT 6T 


0 


0 


1 


0 


NEXT 5T 


0 


0 


0 


1 


COMBINATIONS 


1 


0 


0 


1 



Table 3 illustrates the possible permutations for the last sub-pattern and the name for each such 
15 permutation. It will be understood that if a larger shift register were used, and hence there were more bits in 
the last sub-pattern, there would be more permutations containing two or more logical ONES, but in this 
circuit only one such permutation is possible in the 2, 7 code for the last and first sub-patterns. 

TABLE 4 

20 



30 





Middle 


E 


F 


G 


H 




J 


K 


L 


M 


NEXT 4T only 


1 


0 


0 


0 


1 


0 


0 


0 


0 


NEXT 3T only 


0 


1 


0 


0 


1 


0 


0 


0 


0 


PREV 4T only 


0 


0 


0 


0 


1 


0 


0 


0 


1 


PREV 3T only 


0 


0 


0 


0 


1 


0 


0 


1 


0 


NEXT 3T. PREV 3T 


0 


1 


0 


0 


1 


0 


0 


1 


0 


NEXT 3T, PREV 4T 


0 


1 


0 


0 


1 


0 


0 


0 


1 


NEXT 4T, PREV 3T 


1 


0 


0 


0 


1 


0 


0 


1 


0 


NEXT 4T, PREV 4T 


1 


0 


0 


0 


1 


0 


0 


0 


1 


NONE 


0 


0 


0 


0 


1 


0 


0 


0 


0 



Table 4 illustrates the possible permutations for the middle sub-pattern and the name of each. "NEXT 
4T only" identifies the middle sub-pattern permutation having a logical ONE at the flip-flop E. four bits later 
in time from the central bit of the flip-flop I, the central bit being the only other logical ONE in this 
permutation. "NEXT 3T, PREV 3T n identifies the middle sub-pattern permutation having logical ONES only 
40 at the flip-flops F. I and L. The bit at the flip-flop F is three bits later in time than the central bit at the flip- 
flop I, and the bit at the flip-flop L is three bits previous in time to the central bit 

TABLE 5 



45 



50 





First 




N 


0 


P 


Q 


PREV 5T 


1 


0 


0 


0 


PREV 6T 


0 


1 


0 


0 


PREV7T 


0 


0 


1 


0 


PREV8T 


0 


0 


0 


1 


COMBINATIONS 


1 


0 


0 


1 



55 

Table 5 illustrates the possible permutations for the first sub-pattern and the name of each. "PREV 5T" 
means previous 5T and identifies the first sub-pattern permutation having a logical ONE at the flip-flop N. 
five bits prior in time to the central bit at the flip-flop I. 
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From the foregoing, it will be clear that the data pattern for the time t=l in Table 1 
(00100100100010001) can be described as having a NEXT 6T last sub-pattern (0010 in Table 3); a NEXT 
3T. PREV 4T middle sub-pattern (010010001 in Table 4); and a PREV 8T first sub-pattern (0001 in Table 
5). 

5 Referring again to Figure 4, the last sub-pattern recogniser 160 is connected to a last delay selector 
166. which can select a delay sub-value corresponding to the appropriate last sub-pattern permutation (each 
sub-pattern permutation has a delay value associated with it). The last delay selector 160 has a delay step 
for each last sub-pattern permutation, where the appropriate delay sub-value is stored. NEXT 8T is the site 
where the delay sub-value is stored corresponding to a NEXT 8T last sub-pattern, as depicted in Table 3. 

to Similarily. the middle sub-pattern recogniser 162 is connected to a middle delay selector 168, which 
has a delay step corresponding to each permutation shown in Table 4, where appropriate delay sub-values 
are situated. A delay step near the middle of a variable delay 174 should be used for the NONE middle 
sub-pattern to act as a standard or default delay step. 

The first sub-pattern recogniser 164 is likewise connected to a first delay selector 170. The first delay 

75 selector 170 has delay steps corresponding to the permutations shown in Table 5. 

Codes other than 2, 7 code may be used by modifying the patterns of Table 3. 4 and 5. Connection of 
the shift register 1 18 to the sub-pattern recognisers 160, 162 and 164 may also need changes. 

The delay selectors 166, 168 and 170 are connected to a subtracter 172. The subtractor 172 is 
connected to the variable delay 174 through a first variable delay input switch 176. The variable delay 174 

20 is connected to an output 178, which carries a compensated data pattern out of the delay circuitry 116. The 
variable delay 174 is also connected to the central flip-flop 142 of the shift register 118 via a second 
variable delay input switch 180. The variable delay 174 is further connected via a maximum delay input line 
182 to the control micro-processor 34 for inputting a maximum delay step signal to the variable delay 174 
through the first variable delay input switch 176. The variable delay 174 is also connected to an inverter 184 

25 and a delay converter 186. The delay converter 186 Is connected to the last delay selector 166. the middle 
delay selector 168. and the first delay selector 170. A timer 190 is connected between the control micro- 
processor 34 and the delay converter 1 86. 

The delay circuitry of 116 of Figure 4 employs a technique known as effect isolation. By contrast with 
the delay circuitry 44 in Figure 3, in delay circuitry 116, once the data patterns are broken down into sub- 

30 patterns, delay sub-values for the sub-patterns are calculated independently. In other words, when a logical 
ONE is located at the flip-flop 152 in the shift register 118, delay sub-values are determined for the last 
sub-pattern, the middle sub-pattern and the first sub-pattern. In effect isolation, the last sub-pattern, 
described by the flip-flops 126 to 132, is assumed to be isolated from and not affected by the other sub- 
patterns. The number of bits in the respective sub-patterns is chosen in order to maximise the accuracy of 

35 this assumption. In this system, then, a sub-value must be determined for the last sub-pattern recogniser 
160, the middle sub-pattern recogniser 162, and the first sub-pattern recogniser 164. Each sub-pattern 
recogniser is not priority encoded but rather considers the bit at each flip-flop. For example, in the last sub- 
pattern recogniser 160 there could be a 5T, 8T combination sub-pattern or a 5T sub-pattern or a 6T sub- 
pattern or a 7T sub-pattern or an 8T sub-pattern. This is also the case for the first sub-pattern recogniser 

40 164. Each one of those sub-patterns would have a distinct sub-value, which would be selected at the delay 
selectors 164, 168 and 170, respectively. The three individual sub-values would then be processed at the 
subtractor 172 to give a delay value for compensating the central bit when it was written. 

Each permutation for each sub-pattern is tested experimentally with each writing location and the head 
appropriate to the location in the manner described in relation to Figure 3. The writing locations are divided 

45 into writing zones by means of radial zone boundaries. For example, a disk might have five writing zones on 
each side with 100 or more tracks between any two zone boundaries. The sub-values will be linearly 
interpolated based on the two closest zone boundaries. All of these sub-values for each permutation are 
stored on the disk 24 of the disk drive assembly 14. 

In certain cases, the variable delay 174 may be implemented with delay step elements that may change 

so the delay greatly over circuit temperature and voltage. Thus, the absolute delay needed for each sub- 
pattern permutation must be converted to the proper number of delay steps to obtain the proper delay 
during writing. This is done in a conversion mode during micro-processor down load of the delay sub-values 
for each sub-pattern. The conversion mode, as described hereinbelow should be utilised frequently in order 
to correct the delay sub-values for changes in track, circuit temperature and voltage. 

55 When a particular track is selected for writing, the control micro-processor 34 puts the delay circuitry 
116 into the conversion mode by sending absolute delay values for each sub-pattern to the delay circuitry 
116. The delay control switch 176 is switched from the subtractor 172 to a processor controlled fixed 
number of delay steps. The undelayed input switch 180 is switched to delay the output of the inverter 184. 
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At this point, a ring oscillator is effectively formed by the inverter 184 and the variable delay 174. The 
frequency of the oscillator is: the inverse of two times the total propagation delay of the delay step elements 
selected in the variable delay 174. This is because each delay step element must propagate low then high 
once for each oscillation period. The correction for delay changes over temperature and voltage can then 
5 be obtained from the frequency of the ring oscillator. 

The absolute delay value is sent to the timer 190. which performs a time out proportional to the desired 
delay value. During this time out, the oscillations from the ring oscillator 174/184 are counted by the delay 
converter 186. Thus, the number of delay steps needed to perform a particular delay can be counted during 
this time out. 

io Each converted sub-value is then sent back to the appropriate delay selector where it is ready for use 
in the delay process. This converted sub-value will be correct as long as the above mentioned factors are 
not changed. The conversion mode is done on the fly. Most often this conversion mode will be used when a 
new track is being accessed. This conversion mode is completed for each delay step for each delay 
selector (i.e. for each permutation of each sub-pattern) by the time the new track is accessed. 

is The final mode, the operational mode, is the one in which data is actually compensated before being 
recorded on the disk medium. Initially, the serial data pattern is input into the shift register 118. The write 
clock 120 provides the period, usually in the range of about 50 nanoseconds, i.e. one bit is transferred 
every 50 nanoseconds. The bits are received sequentially into the data shift register 118 at the initial flip- 
flop 126 and are then transferred down the line from the flip-flop 126 to the flip-flop 128, from the flip-flop 

20 128 to the flip-flop 130 and so on until the first bit of the data pattern reaches the flip-flop 158. When 
another pulse from the write clock 120 is given, that particular bit (the first one in the data pattern) at the 
flip-flop 158 is lost. 

The write clock 120 aJso gives timing pulses to each of the delay selectors as they receive sub-patterns 
sent to them by the sub-pattern recognisers. Whenever there is a logical ONE at the flip-flop 142, i.e. there 

25 is a central logical ONE, the clock enable gate 122 will allow each sub-pattern selector 166, 168, 170 to 
select the proper delay for the sub-patterns recognised at the sub-pattern recogniser 160, 162 and 164. The 
names for these sub-pattern recognisers result from the fact that the first sub-pattern recogniser 164 uses 
the data bits which have been in the shift register 118 the longest, i.e. they were the first data bits to enter 
the shift register 1 18. In particular, the bit of the flip-flop 158 is the first of all the data bits to enter the shift 

30 register 118. Likewise, the bit of the flip-flop 156 is the first after the flip-flop 158 to have entered the shift 
register 118. So the last data bit to have entered the shift register 118 is the one at the flip-flop 126. This 
sequence is constantly changing as the data bits move sequentially to the right one flip-flop per pulse of the 
write clock 120. Logical ONE bits result in signals to the sub-pattern recognisers at any time that there is a 
central logical ONE. For example, say there is a central logical ONE at the flip-flop 142. Further, say that 

35 there is a logical ONE at the flip-flop 126, a logical ZERO at the flip-flop 128, the flip-flop 130 and the flip- 
flop 132. The flip-flop 126 would send a high signal, i.e. a relative voltage of 5 volts to the last sub-pattern 
recogniser 160. The last sub-pattern recogniser 160 receiving no high signals from the flip-flop 128, or the 
flip-flop 130, or the flip-flop 132 would then evaluate the sub-pattern as being a 1000 sub-pattern. It would 
then send a signal to that effect to the last delay selector 166. The last delay selector 166 would then 

40 access the converted delay step for 8T and would send the converted sub-value (obtained during the 
conversion mode) to the subtractor 172. In the same fashion, the middle sub-pattern recogniser 162 and the 
first sub-pattern recogniser 164 would also send signals to the middle delay selector 168 and the first delay 
selector 170 respectively. Each of the delay selectors would then send corrected delay sub-values to the 
respective inputs at the subtractor 172. 

45 The subtractor 172 then takes those three values, the value at its middle input having an absolute 
positive delay sub-value, the values at the last input and the first input thereof having either algebraic sign. 
The total sum is given by the formula: the absolute value of the middle input minus the value of the last 
input minus the value of the first input so that a total delay value is determined. The subtractor 172 then 
sends this to the variable delay 174 describing how many delay steps are to be employed on the bit 

so associated with this delay value. The variable delay 174 receives a signal indicating the presence of the 
central logical ONE at the flip-flop 142 through the variable delay input switch 180. This allows a certain 
amount of time for the delay value to be computed. Before the variable delay 174 receives this signal, the 
variable delay 174 forms the appropriate number of delay steps so that the data signal is compensated 
appropriately. The compensated data bit is sent out from the variable delay 174 via the output line 178 to 

55 other components of the disk drive assembly 14. Each logical ONE bit is processed by the delay circuitry 
12 in this fashion. 

To implement the delay circuitry 116 with slow logic, it may be necessary to modify the last sub-pattern 
recogniser 160. the last delay selector 166 and the subtractor 172 so that two final delay values are 
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calculated in the subtractor 172 to correct either state of the flip-flop 126 before it is known. Once this bit 
does enter the shift register 118 at the flip-flop 126, one of the two values calculated can be selected in a 
MUX (not shown) placed between the subtractor 172 and the variable delay 174 so as to choose the 
appropriate value based on the bit at the flip-flop 126. This is an effective way to design the circuit, but the 
5 embodiment depicted in Figure 4 is used herein for illustrative purposes as such is easier to explain and 
comprehend. 

Claims 

w 

1. A method for writing a serial data pattern in the form of flux transitions on a magnetic medium, the 
method being characterised by introducing the data pattern from a data supply means (16), determining a 
combination of a head and a writing location, the combination being used for writing the data pattern on the 
magnetic medium, acquiring a pre-determined write delay value based on the combination and the data 

is pattern, and writing the data pattern on the magnetic medium with reference to the delay value so that when 
the data pattern is read back by the head, the flux transitions are perceived to be at the same distance as 
they were when they were acquired from the data supply means. 

2. A method according to claim 1 characterised by substituting a stereo-typical data pattern for the data 
pattern for determining the write delay value. 

20 3. A method according to claim 2 characterised by defining the data pattern as a plurality of sub- 
patterns, and substituting a respective stereo-typical data sub-pattern for each of the data sub-patterns for 
determining the write delay value. 

4. A method according to claim 3 characterised by determining respective write delay sub-values for 
each stereo-typical data sub-pattern, and combining the write delay sub-values for providing the write delay 

25 value. 

5. A method according to any preceding claim characterised by dividing the magnetic medium into a 
plurality of writing zones, and determining the particular combination of the head and the writing location 
according to the situation of the writing location within a respective one of the writing zones. 

6. Apparatus for writing a serial data pattern in the form of flux transitions on a magnetic medium, the 
30 apparatus comprising data supply means (16) for providing a serial data pattern, delay circuitry (12) for 

applying a pre-determined write delay value to the data pattern, and recording means (20,22) including a 
writing head (22) for writing the data pattern on the magnetic medium according to the delay value, 
characterised in that the delay circuitry comprises a variable delay (38,174) arranged to vary the pre- 
determined write delay value according to the particular data pattern introduced, the writing head that writes 
35 the flux transitions, and the writing location for the data pattern on the medium whereby, when the data 
pattern is read back, the flux transitions are perceived to be at the same interval as were corresponding 
elements of the data pattern when they were introduced from the data supply means. 

7. Apparatus according to claim 6 characterised in that the delay circuitry comprises write delay 
determination means (36.102,104,56,60; 118.160.162,164,166,168.170, 172,184,186,190) responsive to the 

40 data pattern introduced for controlling the variable delay. 

8. Apparatus according to claim 7 characterised in that the write delay determination means comprise a 
shift register (36,118) for receiving the data pattern, and means (102.104; 160,162.164) for substituting a 
stereo-typical data pattern for the data pattern for determining the write delay value. 

9. Apparatus according to claim 8 characterised in that the shift register is arranged to divide the data 
45 pattern into a plurality of sub-patterns, and in that the substituting means are arranged to substitute a 

respective stereo-typical data sub-pattern for each of the data sub-patterns. 

10. Apparatus acccording to claim 9 characterised in that the write delay determination means comprise 
a plurality of delay selectors (116,168,170) for providing respective write delay sub-values for each of the 
stereo-typical data sub-patterns, and means (172) for combining the write delay sub values for providing the 

so write delay value. 

11. Apparatus according to any of claims 6 to 10 characterised in that the write delay determination 
means comprise a delay converter (186) for modifying the write delay value in response to voltage and/or 
temperature variation. 

12. An adaptive pre-write compensation apparatus for writing data on a magnetic medium, the 
55 apparartus being characterised by data supply means (16) for introducing a serial data pattern into the 

apparatus, data storage means (36,118) for storing the data pattern, encoding means (102,104; 160,162,164) 
for encoding the data pattern, write delay determination means (56,60,166, 168,170,172) for determining a 
write delay value, application means (38,174) for applying the write delay value to the data pattern, and 
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writing means (22) for writing the data pattern with the applied write delay value so that when the data 
pattern is read back the flux transitions are perceived to be at the same distance as they were when they 
were acquired from the data supply means. 
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